I. INTRODUCTION
The use of gantry cranes in nuclear environments requires limitation of both the swing during the motion and the residual oscillation. More commonplace uses of gantry cranes, such as loading ship cargoes, also require limitation of oscillation for throughput and safety. Experienced crane operators attempt to eliminate the residual sway by causing a deceleration oscillation which cancels the oscillation induced during acceleration, or they may brush the payload against obstacles to damp out the oscillation.
If a computer controller is utilized and cable swing is considered in the control design, the time-optimal commands which results in zero residual vibration can be generated.'> Hoisting of the load during the slew increases the difficulty of generating the control because the system frequency is time-varying. Optimal controls based on a nonlinear model are even more difficult to generate.3 One method for developing optimal controls divides the motion into five fundamental sections. The optimal control for each section is then derived and pieced together by satisfying boundary conditions? Even when optimal commands can be generated, implementation is usually impractical because the boundary conditions (the move length) must be known at the beginning of the move. When feedback is available, adaptive controllers and combination open-and closedloop control is p~ssible.~' '
In this paper the feedforward control technique of Input Shaping is investigated. Input Shaping is easier to derive and implement than time-optimal control schemes and does not require the feedback mechanisms of closedloop and adaptive controllers. Rather than attempt to obtain exactly zero residual vibration (which is impossible on real machines), the version of Input Shaping described here yields non-zero, but low levels of sway.
Input Shaping is implemented in real time by convolving the command signal with an impulse sequence (an input shaper). This process is illustrated in Figure 1 with a step input and an input shaper containing three positive impulses. Note that the shaped input that results from the convolution has a rise time which is longer than the unshaped input by an amount equal to the duration of the input shaper. Similarly, the deceleration time of a shaped command is longer than the unshaped command.
Input shaping is a form of Finite Impulse Response (FIR) filtering that places zeros near the locations of the flexible poles of the original system. The impulse amplitudes are equivalent to the filter coefficients. The impulse amplitudes and time locations are determined by satisfying a set of constraint equations. Input Shaping has been shown to be effective for controlling oscillation of gantry cranes with or without hoisting of the When input shapers are designed in the z-plane (taking into account the digital sampling rate), the filter coefficients can take on large positive and negative values. This occurs when the shaper duration is small compared to the period of vibration being targeted for elimination. When the filters are used to generate a shaped command, the command can greatly exceed the magnitude of the desired command. This will often lead to saturation of the actuators and poor vibration reduction. For example, Figure 2 shows a step input convolved with a shaper containing impulses with amplitudes of 2, -2, and 1. The shaped command reaches the same final setpoint, but it initially requests double the actuator effort. Several schemes have been proposed for dealing with the problem of negative impulses. In one approach, the spacing between the impulses in increased (by multiples of the sampling period) until the resulting shaper is long Another technique allows negative impulses, but limits their magnitude to low enough levels to avoid saturation.' '-13 Yet another scheme, which has shown benefit for cranes, l4 deals with actuator saturation by adding poles to the shaping filter. The result is an Infinite Impulse Response (IIR) filter that places zeros near the system flexible poles and poles somewhere else in the z-plane so that the transfer function of the filter does not greatly exceed unity. This paper describes a new procedure for designing input shapers which takes into account the special properties of gantry cranes. The properties utilized are: the deceleration time the operators are accustomed to, the single-mode nature of the dynamics, and the known frequency range of the singIe, dominant mode. By using these three properties, input shapers can be derived which deliver better performance than previously proposed Input Shaping schemes.
The new input shapers were implemented and tested on a 15 ton gantry crane at the Savannah River enough so that it contains only positive impulses. 9 Technology Center (SRTC). The crane bridge travel is 85 ft., the trolley travel is 43 ft., and the hook travel is 29 ft. In order to implement shaping, some mechanical modifications of the crane were required. The next section describes these modifications. The new shaping scheme is then described and experimental results are shown. The section following the experimental results describes a further modification which allows small step motions to be performed with a swing-free response.
MECHANICAL MODIFICATIONS
The unmodified crane used two 460 volt AC induction motors on the bridge and one on the trolley. The Input Shaping technique that was implemented requires that variable velocity commands are issued to the crane. The motors on the crane were upgraded to use 460 Volt Baldor AC Vector drives. The drives were programmed to track a velocity signal sent as an analog voltage input (110 Volts DC). All other trajectory features of the drives were turned off. The motors were sized to be roughly equivalent to the pre-existing motors in both horsepower and maximum velocity. Several gearboxes were also changed for physical compatibility with the motors and for general maintenance considerations; they were not required for Input Shaping.
Input Shaping was implemented with a Convolve, Inc. Input Shaping Crane Controller. This controller is a hardware module that is based on an Allen-Bradley SLC-500 modular PLC Rack. The SLC-500 modular system allows selection of input and output modules SO that the controls can be easily customized to any crane configuration without hardware redesign. The controller uses these industrially-hardened PLC and I/O modules for handling all of the crane input and output signals. A proprietary Convolve module is added to the rack to enable Input Shaping. The shaped commands are processed internally and output as analog velocity commands by the SLC-500 analog output module. The operator presses six on-off buttons on a pendant, shown in Figure 3 , to move the crane throughout its workspace (Up/Down, North/South, and EasWest). Two additional, four-position switches were added to the crane pendant. The first switch selects the input shaper to be used and the second switch selects
Step Mode (described in Section V). The shaping control knob allows the operator to select one of four possible states: no shaping, shaper #1, shaper #2, or shaper #3. Using the approach described in the next section, three fixed input shapers were designed to eliminate vibration throughout the entire workspace of the crane.
The Convolve Input Shaping technology is robust to variations in the sway frequency of the crane. Therefore, the technique was implemented on the crane without the need (and expense) of measuring the cable length and adjusting the input shapers based on the measurement.
FIXED-DURATION INPUT SHAPERS
Input shapers are designed by constructing and solving a set of constraint equations while minimizing a performance criteria. The constraint equations typically set limits on: residual vibration amplitude, robustness to modeling errors, and actuator effort. The performance criteria which is minimized most often is the rise time, which is equivalent to the duration of the shaper.
The constraint on residual vibration amplitude can be conveniently expressed as the ratio of residual vibration amplitude with shaping to that resulting from a step input. (1) is a function of the impulse amplitudes and time locations, it can be used to design an input shaper which will limit the residual vibration to some small value, V, at the mode described by w and 6.
If V is set equal to zero and (1) is used to design an input shaper, then the resulting shaper is called a Zero Vibration (ZV) shaper.
In practice, ZV shapers can be very sensitive to modeling errors. To examine this possibility, the amplitude of residual vibration can be plotted as a function of the modeling errors. Figure 4 shows such a sensitivity curve for the ZV shaper. Notice that the vibration amplitude increases rapidly as the actual frequency deviates from the modeling frequency. Multiple versions of (1) can be used to suppress a range of frequencies, l6 thereby obtaining robustness to modeling errors. Each version of (1) is unique in that different values for the modal parameters are used. For example, suppose a gantry crane like the one sketched in Figure 5 , is known to operate with a cable length, L, ranging from 20 ft. to 4 ft. Using the linearized model of this system, the frequency varies between 0.2 Hz and 0.45 Hz ( o = m). Furthermore, suppose that it is required to reduce the residual oscillation to 5% of the level obtained during normal operation. To design a shaper which meets these requirements, we can set V = 0.05 and use N versions of (1) being of minimum length. This process, demonstrated in Figure 6 , is called specified insensitivity (SI) design. 16 Note that this process does not guarantee the residual amplitude will never exceed V throughout the frequency range; it only guarantees it will be below V at the frequencies where (1) is applied. However, if the sampling frequencies are made close enough together, the residual amplitude is effectively limited over the entire range. In practice, N does not have to be large, a value between 3 and 10 is often sufficient.
In order for the shaped commands to perform the same rigid-body motion as the unshaped commands, the impulse amplitudes must sum to one. In equation form:
This requirement is easily justified by examining the case when the unshaped command is a step input of amplitude H. When a step input is convolved with a sequence of positive impulses, the resulting command is a staircase, as shown in Figure 1 . The final value of the staircase is equal to H times the summation of impulses amplitudes. Therefore, to reach the same final setpoint, the impulse amplitudes must sum to one.
The constraints given by (1) and (2) can be used to limit the flexible-body dynamics and to set the rigid-body motion. However, if (1) and (2) are satisfied while minimizing the shaper length (t,,), the optimization fails to find a practical solution because the impulse amplitudes are driven towards positive and negative infinity. In effect, the actuator limits of the real system have not been taken into account. A simple way to avoid this problem is to require all impulses to have a positive value. ' Given this constraint, the shaped input will never exceed the magnitude of the unshaped input.
However, if the amplitudes are allowed to take on negative values, the rise time can be de~reased.ll-'~* l7 In particular, it has been shown that limiting the impulse values to f l yields input shapers which give a fast response while still satisfying actuator limits in most cases. Figure 7 shows a step input shaped with a Unity Magnitude (UM) shaper containing three impulses. The shaper duration, A, is less for a UM shaper than for a shaper containing all positive impulses. Note that the shaper produces a command which is either full on or off. The UM shaper moves a system faster than a shaper with all positive pulses because it utilizes more of the available actuator effort.
A drawback to UM shapers is that they have a
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tendency to excite unmodeled high modes. Fortunately, gantry cranes are usually single-mode systems with no significant higher modes. Therefore, the technique described in this paper will use the UM amplitude constraint given by:
where n is odd. automatically satisfies (2) . 1. ) In effect, when the operator requests the system to stop, the system decelerates for a period equal to the shaper duration. Deceleration periods are common on cranes without Input Shaping. The motors are ramped down so as to decrease residual sway. Without shaping, these deceleration periods are constant and the operator becomes accustomed to the lag. Using previously proposed input shaping schemes, the deceleration period would vary with the system frequency.
We now propose a new input shaper design algorithm which results in a fixed-duration (FD) shaper, regardless of the system oscillation period. In this approach, the constraint equations are multiple versions of (l), (2) , (3) , and a fixed shaper duration:
With the shaper duration fixed at At, it no longer makes sense to minimize the shaper length, so instead, the robustness of the shaper is maximized. That is, the range of frequencies over which the residual vibration can be kept below V is maximized.
Given that the suppressed frequency range is being maximized, there is no guarantee that the vibration can be suppressed for all cable lengths with a single input shaper. To counter this difficulty, several shapers can be used, each one is designed to suppress vibration in a subset of the operating range.
To demonstrate the FD shaper design process, suppose that we are designing shapers for the crane that varies its cable length from 20 ft. down to 4 ft. The constraint equations consist of (2)- (4) and (1) applied at the frequency, 01, corresponding to 20 ft. An additional version of (1) is applied at an unknown frequency, o h , that is higher in value than 01. The frequencies between % and WI are suppressed by N additional versions of (1).
An optimization is then performed to obtain the shaper that maximizes a h .
Suppose that O h corresponds to a cable length of 8 ft. That is, a single shaper cannot suppress vibration over the entire range of cable lengths. In this case, the optimization is performed again, but this time plays the role of 0 1 . If the new value, 0 h 2 , resulting from the second optimization is above the frequency corresponding to 4 ft., then the shaper design process is complete. The tn = A t . shaper resulting from the first optimization is used to move the crane when the cable is between 20 ft. and 8 ft., while the second shaper is used when the cable is less than 8 ft. in length.
The fixed-duration shaper design algorithm can be summarized as follows: 1) Pick a shaper length (deceleration period), At. 2) Select a desired limit on the percentage residual vibration amplitude, V. 3) Require the vibration to be below V at the lowest possible frequency, 01, (the longest cable length). 4) Perform an optimization which maximizes the frequency range over which the residual amplitude can be kept below V. The output of the optimization is an input shaper and the maximum suppressed frequency,
)
If the frequency range covers the entire workspace, then terminate the algorithm. Otherwise, start at step 3 and replace 01 with q,.
The product of the algorithm is one or more fixedduration shapers which can be used to suppress vibration throughout the workspace. 
IV. EXPERIMENTAL RESULTS
The above procedure for designing fixed-duration shapers was performed for a gantry crane at SRTC. To measure the residual oscillation of the crane, a yard stick was attached to the crane hook and the response was recorded on videotape. By placing a straightedge on the surface of the video monitor, the peak-to-peak residual oscillation was measured. For long cable lengths (endpoint near ground), the setup gave a resolution of 118 in. As the cable was shortened and the endpoint moved away from the camera, the resolution deteriorated. At short cable lengths (<15 ft), the resolution was approximately 114 -318 in.
The damping ratio of the SRTC crane was determined by moving the crane and recording the peakto-peak oscillation amplitude over 40 cycles of vibration. 40 cycles (nearly 4 minutes), the peak-to-peak oscillation is still 9 in. An exponential curve fit to the data revealed that the damping ratio was approximately 0.004. If the cable length is very short (5 ft. or less), then the damping ratio goes up considerably, to approximately 0.1. Because the damping was so small throughout almost the entire workspace, the damping ratio was modeled as exactly zero.
Using the approximate deceleration period under the standard control system, At was set equal to 3.0 seconds and the above procedure was used to design three UM F D shapers to span the range of cable lengths from 29 ft. to 9 ft. (The crane rarely operates with cable lengths less than 9 ft. and cannot operate at less than 5 ft.) Figure 9 shows the measured percentage residual for each of the UM FD shapers. The percentage residual is obtained by dividing the shaped residual amplitude by the unshaped residual amplitude for the same motion. If the operator switches between the three shapers at 24 ft. and 19 ft., then the residual vibration can be kept to below 5% of the unshaped level (for cable lengths down to 9 ft.). Figure 10 compares the measured residual for the UM FD shapers to the theoretical residual amplitudes. Given the uncertainty in the measurement system, there is very good agreement between theoretical and measured values. Notice that the largest deviation between theory and measured values occurs at short cable lengths. This makes sense, as the measurement system has progressively worse resolution as cable length is decreased and the actual damping ratio deviates more from the modeling value of zero. To compare the new shaping process with previously proposed methods, three UM ZV shapers were designed to cover the workspace. The shapers were designed to have zero residual vibration at cable lengths of approximately 24 ft, 16 ft, and 11 ft. Figure 11 shows the measured percentage residual vibration as a function of cable length. If the operator switches between the three shapers at 20 ft and 13 ft, then the residual vibration can be kept to below 20% of the unshaped level (for cable lengths down to 9 ft.).
Comparing Figures 9 and 11 , we see that the UM FD shapers provide better sway reduction than the UM ZV shapers throughout the workspace. Unlike the fixedduration shapers, the deceleration lag is different with each UM ZV shaper. The operator must become accustomed to the different deceleration periods. An advantage of the UM ZV shapers is that the deceleration period is shorter; the maximum shaper length is 1.8 seconds.
V. SMALL STEP MOTION
By using Input Shaping to make swayless moves, a new mode of operation called Step Mode (Patent Pending) was introduced.
Step Mode issues a fixedlength shaped command to the motors so that the crane's load is indexed to a new location without sway. Three different step sizes were programmed into the crane controller. When a crane load is positioned near a final location, the operator is able to switch into Step Mode and bump the load into place without sway. The steps are buffered, therefore, three quick presses of a motion button would move three step distances in one move without stopping.
The input shapers used for step mode are the same as those used for regular crane operation. The Step Mode switch, shown in Figure 3 , provides step motion of three different preprogrammed lengths.
Step Mode can be used without shaping, however, its usefulness is greatly reduced because the crane sways with an amplitude that is nearly the full step size.
Step Mode was designed to enable safe and accurate fine positioning of critical loads.
VI. CONCLUSIONS
A new procedure for designing input shapers for gantry cranes was presented. The procedure takes into account the unique properties of gantry cranes, such as, the single-mode dynamics, the known frequency range, and the standard deceleration period. The new shapers are of fixed duration, so that they give a constant deceleration period. Given the fixed shaper duration, the robustness of the shapers is maximized. The new shaping method was implemented on a gantry crane at the Savannah River Technology Center. Experimental results show that the method greatly reduces residual oscillations and closely matches the theoretically predicted performance.
